Studies have shown a link between living on a farm, exposure to microbial components (e.g., endotoxins or ␤-D-glucans), and a lower risk for allergic diseases and asthma. Due to the lack of validated sampling methods, studies of asthma and atopy have not relied on exposure assessment based on culture techniques. Our objective was therefore to compare several dust sampling methods for the detection of cultivable-microorganism exposure in stables. Sixteen French farms were sampled using four different methods: (i) active air sampling using a pump, (ii) passive dust sampling with a plastic box, (iii) dust sampling with an electrostatic dust fall collector (wipe), and (iv) dust sampling using a spatula to collect dust already settled on a windowsill. The results showed that collection of settled dust samples with either plastic boxes or wipes was reproducible (pairwise correlations, 0.72 and 0.73, respectively) and resulted in highly correlated results (pairwise correlation between the two methods, 0.82). We also found that settled dust samples collected with a plastic box correctly reflected the composition of the samples collected in the air of the stable when there was no farmer activity. A loss of microbial diversity was observed when dust was kept for 3 months at room temperature. We therefore conclude that measurement of viable microorganisms within a reasonable time frame gives an accurate representation of the microbial composition of stable air.
Several studies published in the early 2000s have shown that the risks of becoming atopic and presenting with symptoms of hay fever and asthma are lower for children who spend their early infancy on farms (2, 9, 13, 14, 26, 32) . This protective effect was found to be associated with several factors, including contact with farm animals and high-level exposure to microbial components (including endotoxins, extracellular polysaccharides, and glucans) (33) . The ALEX (ALlergy and EndotoXin) study showed that continual long-term exposure to stables until the age of 5 years was associated with the lowest frequencies of asthma, hay fever, and atopic sensitization (25) . More recently, the PARSIFAL (Prevention of Allergy-Risk Factors for Sensitization Related to Farming and Anthroposophic Lifestyle) study confirmed the inverse association between bacterial endotoxins from mattress dust and atopic wheeze. This association was no longer significant, however, after adjustment for exposure to fungal beta(1,3)-glucans and fungal extracellular polysaccharides (28) . In a recent review, von Mutius suggested that mold or other microbial components might modulate immune responses and thereby protect against allergic diseases, as previously suggested for endotoxins (33) . Indeed, a study by Sudre et al. showed that huge amounts of pollen, bacteria, and fungi are found in the air of cowsheds (31) . Last, this brief overview highlights the facts that (i) only a few antigens and microbial substances have been studied and identified in the cowshed environment so far and (ii) it is likely, given the immunological mechanisms, that other microbes or compounds may be involved in the protective "farming effect."
However, assessment of aerial microbial diversity in a large sample of farms and stables is difficult to perform. Ideally, such assessment would require the measurement of the inhaled dose of fungal spores and bacteria over a substantial period of time for each individual included in a cohort. Because such an approach is not applicable to large cohorts, settled-dust sampling has been proposed in numerous studies as an unsophisticated and cost-effective way to assess long-term exposure to airborne components (10, 11, 15, 17, 29, 30, 34) . However, settled-dust analysis is only a surrogate measure for airborne exposure, and distortions between settled-dust and airbornedust microbial flora should be evaluated. We present here a study aiming to assess whether the microbial composition of dust collected in cowsheds is representative of airborne microbial flora. In this study, we assess the richness and diversity of bacteria and fungi from airborne and settled dust collected by several methods in the cowsheds of 16 French farms during the winter season.
MATERIALS AND METHODS
Study design. The study was performed from February 2006 to April 2007 on 16 French farms located in the Franche-Comté region, an area located in the East of France between 46°35Ј4Љ to 47°21Ј9ЉN and 5°29Ј55Љ to 6°43Ј4ЉE. The altitude of the farms ranged from 200 m to 880 m. Ten of these farms corresponded to children who were previously included in the PASTURE study (35) . Nine stables were freestall stables, and the other seven were stanchion stables. In the freestall stables, the cows were free to move until milking time; then they entered the milking room one after another. In the stanchion stables, cattle were hobbled; cows were tied up all the time in the cowshed, and the farmer moved between them for milking.
Sample description and sampling. In each stable, one air sample was collected before the feeding session was started (before work), and the other was collected 20 min after the feeding session (after work). Collection of airborne dust was based on active impaction of air particles (with a 3-liter/min flow) using a cassette (diameter, 37 mm; Sensidyne, Clearwater, FL) containing a Teflon filter (pore diameter, 0.45 m; Millipore Sensidyne, Clearwater, FL) during a 20-min pumping session using a Gil-Air 3 pump (Sensidyne, Clearwater, FL). The device was fixed on a tripod at a fixed height of 75 cm and was located at a central place in the cowshed. The filters were rinsed with 10 ml of 0.1% Tween 80-sterile water (Sigma-Aldrich, Steinheim, Germany) and were shaken for 10 min in a stomacher (AES Laboratoire, Combourg, France) with a delay of less than 3 h after field work.
In addition, two settled-dust samples were collected using a spatula on either a windowsill or the metallic stanchion bars where the cows were hampered. In order to limit contamination by soil, samples were collected from supports located higher than 1.50 m and were put in a sterile plastic box.
Two other settled-dust samples were collected using plastic boxes (24 cm long, 18.6 cm wide, and 5.5 cm high; Mobil Plastic, France). An aluminum grid with a ca. 8-mm link was placed on top of the box to prevent large amalgams from settling inside. These boxes were left for 1 month in the cattle shed, out of reach of the cows. One set of dust samples (one spatula sample and one box sample) was analyzed on the day of sampling, and the other set was kept at room temperature for 3 months before being analyzed. Dust was transferred to a sterile plastic 40-ml tube by cleaning the box with a clean, thin brush under a hood. A total of 0.3 g of the dust (box-settled or spatula dust) was weighed and washed with 20 ml of Tween 80 at 0.1%. The mixture was thoroughly vortexed for 1 min. The solution obtained was used for culture and cold storage. This washing solution was used at different dilutions depending on the culture medium.
Culturing. A total of 250 l of the washing solution for the Teflon filter and 100 l of diluted dust were spread on petri dishes containing four different media: (i) dichloran-glycerol (Oxoid Ltd., Basingstoke, England) with 0.5% chloramphenicol (Sigma-Aldrich, Steinheim, Germany) at 30°C for mesophilic mold isolation, (ii) 3% malt agar (AES, Bruz, France) with 10% salt and 0.5% chloramphenicol for osmophilic fungal species, (iii) Difco actinomycete isolation agar (Becton Dickinson, le Pont de Claix, France) at 30°C for mesophilic actinomycetes, and (iv) R8 medium prepared according to the method of Amner and colleagues at 52°C for the detection of thermophilic actinomycetes (1). After 7 days of incubation, colonies of molds and actinomycetes were identified using macroscopic and microscopic criteria. Another 250 l of washing solution and 100 l of diluted dust were cultured on Mueller-Hinton (MH) agar (Becton Dickinson). Bacterial colonies were counted after a 48-h incubation and were reisolated by subculturing on MH agar according to the colony morphotype and the Gram staining result.
DNA extraction and PCR amplification. Bacterial DNA was further extracted as described by Drancourt et al. (6) , and 100 l of the supernatant was collected. fD1 and rD1 were used as primers for 16S rRNA gene PCR (36) . DNA was amplified with 0.5 M primers fD1 and rD1, 200 M deoxynucleoside triphosphates, 1 mM MgCl 2 , 1ϫ REDTaq buffer, 0.01 U of REDTaq, and 1 l of the DNA sample. The reaction mixture was subjected to the PCR program as reported by Paster et al. (21) . The amplification products of each reaction were analyzed by electrophoresis for 60 min at 80 V in agarose (1.5%) gels. DNA bands were visualized by UV transillumination. For sequencing, the mixture contained DNA polymerase, pyrophosphatase, buffer, deoxynucleoside triphosphates, dye terminators, DNA templates, water, and the internal reverse primer P-519 (5Ј-GTA TTA CCG CGG CTG CTG GCA C-3Ј) to sequence the 497-bp fragment. The sequencing mixture was subjected to 35 cycles consisting of 20 s of denaturation at 96°C, 20 s of primer annealing at 50°C, and 2 min of primer extension at 60°C. The reading was performed with a Ceq 8000 genetic analysis system (Beckman Coulter), and results were compared to the NCBI GenBank database (http://www.ncbi.nlm.nih.gov) using BLAST (http://www.ncbi.nlm.nih .gov/blast). Molecular identification at the genus level was defined by a sequence similarity higher than 97% (12, 22) . Results are expressed in CFU per cubic meter or per gram of dust, depending on the sample analyzed.
Second winter sampling. Four additional settled-dust samples were collected on 13 of the farms during a second winter using plastic boxes (two repeated samples: W 2 Box 1 and W 2 Box 2 ) and wipes (two repeated samples: W 2 Wipe 1 and W 2 Wipe 2 ) in order to assess the reproducibility of the results. Box-settled dust from the second winter was handled the same way as dust from the first winter. Sterile wipes (10 by 12 cm) were placed down flat in a plastic lab tip box and were left for 15 days in the cowshed next to the box-settled dust collector. The wipes were then put in a sterile bag with 20 ml of Tween 80 at 0.1% and were shaken for 10 min in a stomacher. A total of 100 l of the washing solution was added to petri dishes with different dilutions spanning the ranges of microorganisms (from pure washing solution to the solution diluted 10 3 -fold), and the microorganisms were treated as described above. The sampling strategy is depicted in Fig. 1 .
A total of 92 samples were analyzed for the first winter, and 52 samples were analyzed for the second winter.
Statistical analyses. Comparisons of air measurements before and after the feeding session and between storage periods (no storage versus 3 months of storage) were conducted using the Wilcoxon matched-pair signed-rank test for each species or genus. The pairwise correlation coefficients between sampling techniques were computed. To account for multiple testing, P values were adjusted by the Bonferroni procedure. Statistical analyses were performed using STATA software (version 8.2; StataCorp LP, College Station, TX).
Species accumulation curves were constructed using EstimateS software (version 8.0; R. K. Colwell) to estimate the diversity of the samples. Mao Tau indices obtained with this software were then plotted.
RESULTS
Genus and species identification. Twenty fungal taxa were identified in the different samples via the culture methods. The most frequent fungal genera identified in the dusts were Eurotium (mainly Eurotium amstelodami and Eurotium umbrosum [46.6% of the total amount of fungi in the air and 34.8% of the total in the dust]), Wallemia (25.1% and 19.8%), Aspergillus (10.5% and 10.4%), and Penicillium (7.0% and 10.4%). The other fungi identified belonged to the genera Absidia, Mucor, Rhizopus, Syncephalastrum, Fusarium, Alternaria, Aureobasidium, Acremonium, Scopulariopsis, Cladosporium, Humicola, and Trichosporon. Some fungi could not be identified at the genus level. They were classified as unidentified moniliaceae, unidentified dematieae, red yeasts (mainly Rhodotorula), and white yeasts (Candida spp., Cryptococcus spp., and Debaryomyces spp.). Bacterial colonies collected from MH medium were classified according to Gram staining, which allowed us to identify 57.4% of gram-positive cocci in the air and 68.2% in the dust, 32.2% of gram-positive bacilli in the air and 31.6% in the dust, and 10.3% of gram-negative bacilli in the air and 29.4% in the dust. No gram-negative cocci were identified. Three species of actinobacteria cultured on Difco actinomycete isolation agar and R8 medium were identified at the species level (Saccharomonospora viridis, Saccharopolyspora rectivirgula, and Thermoactinomyces vulgaris), whereas the other actinobacteria were grouped depending on their growth temperatures (mesophilic Actinomycetales and thermophilic Actinomycetales). Overall, partial 16S rRNA gene sequencing of bacterial colonies collected from MH medium led to the identification of 93 bacterial taxa corresponding to 41 bacterial genera. The main bacterial genera identified by biomolecular methods were Staphylococcus (mainly Staphylococcus equorum and Staphylococcus xylosus [24.2% of the total amount of culturable bacteria in the air and 39.2% of that in the dust]), Curtobacterium (2.3% and 3.8%), Bacillus (3.4% and 2.9%), and Brachybacterium (0.5% and 11.4%). The detailed results of this identification will be reported in a further paper concerning an inventory of the microbial farming environment. To simplify the presentation of results, we merged the microorganisms into the following 12 main groups: (ix) gram-negative cocci, (x) gram-positive cocci, (xi) mesophilic actinobacteria, and (xii) thermophilic actinobacteria. Airborne and settled-dust microflora. The microbiological compositions of the airborne flora (before and after cattle feeding) and of the settled dust collected during the first winter are shown in Fig. 2 . Before feeding, the airborne microflora of the stables was dominated by Aspergillus/Eurotium fungi and gram-positive cocci; these two groups were surpassed by a significant amount of mesophilic actinomycetes after handling of the hay. The total number of bacteria and fungi after the feeding session was higher than that before the feeding session. This increase was significant for Eurotium spp. (P ϭ 0.004) and Cladosporium spp. (P ϭ 0.004) (Wilcoxon matched-pair signed-rank test). Figure 2 shows that the settled dust collected in plastic boxes indicated a similar microbial composition of air before the feeding of the cattle, with a predominance of Aspergillus/Eurotium and gram-positive bacteria. Settled dust collected using a spatula seemed less representative of the airborne microflora, due to the relative overrepresentation of the gram-positive cocci. Pairwise correlation tests with regard to the counting of the 12 main groups showed only a weak relationship between the airborne and settled-dust samples (Table 1) . However, the correlation between the airborne and settled-dust microfloras was much better, especially when the mean values for the 16 farms rather than the individual values for each farm were considered ( Table 1 ). The best results were obtained for comparisons of the air before the feeding session and settled dust collected in a plastic box (correlation coefficient, 0.82).
The fungal species accumulation curves performed from the two air samples and the two settled-dust samples showed that 16 farms were sufficient for correct assessment of the fungal diversity within farms (Fig. 3) . These data also showed that a plateau was reached more rapidly when settled dust (collected with a plastic box or a spatula) was analyzed than when airborne dust was analyzed. In contrast, the slope of the curve did not reach any plateau for bacterial results. Regardless of the type of samples (airborne or settled dust) analyzed, therefore, these results show that a set of 16 samples is not sufficient to assess the bacterial diversity in these stables (Fig. 3) .
Overall, a 3-month storage period at room temperature lowered microbial diversity in the dust samples significantly, as shown for the plastic boxes (Fig. 4) (Wilcoxon tests) . In particular, we noted decreases in the levels of gram-positive cocci (P ϭ 0.005), Cladosporium cladosporioides (P ϭ 0.009), and white yeast groups (P ϭ 0.04) and relative increases in those of Aspergillus versicolor (P ϭ 0.004), mesophilic Actinomycetes (P ϭ 0.02), Absidia cylindrospora (0.03), and Scopulariopsis brevicaulis (P ϭ 0.04). The same comparison was performed for spatula-settled dust. This comparison showed decreases in the levels of Cladosporium cladosporioides (P ϭ 0.005), white yeasts (P ϭ 0.009), red yeasts (P ϭ 0.01), gram-negative bacilli (P ϭ 0.02), Eurotium spp. (P ϭ 0.04), and thermophilic Actinomycetes (P ϭ 0.04) and an increase in the level of Scopulariopsis brevicaulis (P ϭ 0.04). Reproducibility of microbial recovery. The pairwise correlation test performed with the dust samples collected on 13 farms during the second winter showed that both the plastic box and wipe sampling methods exhibited good reproducibility (Table  2 ). This test also revealed a strong correlation between the results obtained with the plastic boxes and the wipes (Table 2 ).
In particular, the results corresponding to the two wipes left for two consecutive periods of 15 days were strongly correlated with those of the plastic box left for 1 month during exactly the same period. Indeed, a pairwise correlation of 0.82 means that these two types of samples shared 67% of their variability.
DISCUSSION
The composition of airborne or settled dust is complex and is known to be subject to daily and seasonal changes (20) . Some studies highlight the relationships between exposure to FIG. 2. Box plot profiles of the four sampling types for the first winter: air before and after work (cattle feeding), dust that had settled on a plastic box over 1 month, and dust that had settled on a dry surface and was harvested with a spatula. The bar in the middle of each box represents the median, and the lower and upper hinges represent the 25th and 75th percentiles, respectively. The whiskers correspond to the adjacent values of the lower and upper hinges. For the graphical representation, outside values were not plotted in order to produce an easily readable presentation of the data.
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microbial components (e.g., endotoxins, ergosterols, or ␤-Dglucans) and several health outcomes, including a lower risk for atopy and asthma among children raised on farms (3, 5, 7). However, it is not clear whether these molecules are responsible for the protective effect of farm environments against asthma and atopy. Therefore, there is a need to better investigate microbial biodiversity in farm environments and, in particular, to identify sampling methods that may help to assess the microbial composition of airborne dust. To the best of our knowledge, this study is the first aiming to assess the sampling methods with regard to microbial diversity in cowsheds. Even though other methods to identify microorganisms in the environment without culture steps (such as cloning [19] or denaturing gradient gel electrophoresis [16] ) have already been reported, we chose not to use them, because they are timeconsuming, they are expensive given the number of samples, and they show only part of the microbial picture. Denaturing gradient gel electrophoresis or similar methods might eventually be more powerful analytically, but they have the disadvantage that they do not assess viability. In addition, our main objective was to assess whether the microbial composition of dust collected in cowsheds was representative of airborne microbial flora, not to provide an exhaustive overview of the microbial diversity in the air and settled dust. Overall, the study showed that settled-dust sample collection with either plastic boxes or wipes was reproducible and resulted in highly correlated results (pairwise correlation, 0.82). The results also showed that settled-dust samples collected with a plastic box correctly reflected the composition of the air samples harvested in the stable before cattle feeding (pairwise correlation, 0.82 for the mean values obtained from the 16 farms). This complements the previous work of Noss et al., who showed that the use of electrostatic wipes was a valid method for measuring the average airborne endotoxin exposure in indoor environments (18) . For this exposure assessment, we focused on culturable bacteria and fungi that were easily obtainable using standard culture media. We acknowledge, however, that these microorganisms represent only a subfraction of the microorganisms in the air of the cowsheds (8), because numerous bacteria and fungi are known to be unculturable or to require various specific conditions for culture. We also decided to focus on the winter, because during this season the numbers of microorganisms are high in stables due to the continuous presence of the cattle and to feeding in a enclosed environment (23, 27) . Despite these limitations, our results highlight key points that need to be taken into account in order to ensure better reliability of settled-dust sampling. First, the choice of an appropriate sampling device is impor- a Correlation coefficients between air and dust samples for the first winter were calculated according to two methods. In the first method, each individual value for every microbial taxon was taken into account (ind) ‫,ءء(‬ P Ͻ 0.01). In the second method, the mean value for every microbial taxon within the 16 farms was calculated (mean) ‫,ء(‬ P Ͻ 0.05). tant, as shown by the differences observed between the results obtained with a plastic box versus a spatula. Second, microbial analysis can be postponed to a limited extent in large studies for logistical reasons. If these two points are not considered, the evolution of the microflora in the dust results in the disappearance of some species (with a loss of diversity after a 3-month storage period) and the predominance of other species (such as gram-positive bacteria in settled dust collected with spatulas). The evolution of the microflora in settled dust with the passage of time may partially explain the poor relationships between the air and settled-dust results observed in previous studies. Chew et al. studied the results of fungal cultures derived from floor dust and indoor air samples in 397 American homes (4), demonstrating that the discrepancy between settled-dust and airborne-dust analyses may also reflect the poor representativeness of air samples collected during a unique and short period. Our results also corroborated this conclusion, since we reported a lower correlation between settled dust and individual air sampling results than the correlation obtained when mean values were considered. This poor correlation between air sampling and settled-dust methods obtained when each farm was considered separately may therefore be indicative of the high variability of the microbial composition of airborne samples over time, even during the same day (20, 31) . For instance, hay distribution resulted in increases in the levels of Eurotium and Cladosporium, molds known to use hay as a substrate for growth. Similarly, we found that mesophilic actinomycetes, which are bacteria usually found in the hay, were dominant in the airborne dust after hay handling but not before. These variations in the airborne composition of the air within stables, in relation to the substrates distributed, have been observed by several authors (24, 27) . To improve the correlation between air and dust methods, a longer air sampling period in the stable may be considered, but active sampling would induce a loss in the microbial diversity by saturating the filter and desiccating the microorganisms. In contrast to air sampling, the settled-dust collection methods allow cumulative sampling over several weeks; this prolonged period might be an advantage for exposure assessment. It is noteworthy that microbial diversity was greater in the settleddust samples than in the airborne dust, even for samples collected just after handling of the hay. It is likely that some of the microorganisms found in the settled dust might arise from previous manipulation of substrates containing species that were not present in the substrates manipulated on the day of the air sampling.
In conclusion, because of their standardization and reproducibility, settled-dust sampling methods performed using a box or an electrostatic wipe appear to be reliable ways of assessing the composition of the airborne dust in cowsheds and to be applicable in large field studies of health effects. Because these samples can also be deployed in large-scale population studies, this work opens the field for studies investigating the relationships between airborne-microorganism diversity in a stable and protection against allergy and asthma in this specific environment.
